Abstract The major and trace elements and H 2
Introduction
Peridotite xenoliths hosted by alkali basalts are direct samples of the continental lithospheric mantle. They have the potential to largely preserve the geochemical signatures of the mantle source because they generally reach the surface within 50 h after their entrainment in the host magma [Peslier et al., 2002; Demouchy et al., 2006; Peslier and Luhr, 2006; O'Reilly and Griffin, 2010] . Although the main minerals (olivine, orthopyroxene (opx), clinopyroxene (cpx), and garnet) of peridotite xenoliths are nominally anhydrous, they contain a trace amount of water (generally several to hundreds of ppm H 2 O by weight) as OH defects and can be used to infer the amount and distribution of water in the lithospheric mantle [Bell and Rossman, 1992; Ingrin and Skogby, 2000; Peslier et al., 2002 Peslier et al., , 2012 Hirschmann et al., 2005; Peslier and Luhr, 2006; Grant et al., 2007; Bonadiman et al., 2009; Xia et al., 2010 Xia et al., , 2013a Yu et al., 2011; Hao et al., 2012 Hao et al., , 2014 Rossman, 2013a, 2013b; Warren and Hauri, 2014; Demouchy et al., 2015] . The water content of the lithospheric mantle is closely related to the stability (longevity and destruction) of continents Peslier et al., 2010; Xia et al., 2013b] . Therefore, the spatial and temporal distribution of water in the lithospheric mantle is crucial to understanding the evolution of continents.
Cenozoic volcanoes are widely distributed in Eastern China, extending from Heilongjiang province in the north to Hainan province in the south. In many localities, abundant mantle xenoliths are hosted in the alkali basalts, and they have attracted numerous studies of the characteristics of the lithospheric mantle [Deng and Macdougall, 1992; Tatsumoto et al., 1992; Qi et al., 1995; Xu et al., 1996a Xu et al., , 1996b Xu et al., , 2001 , X. S. Griffin et al., 1998; Zheng et al., 1998 Zheng et al., , 2001 Zheng et al., , 2004 Zheng et al., , 2005a Zheng et al., , 2005b Zheng et al., , 2006 Zheng et al., , 2007 Fan et al., 2000; Xu et al., 2000 Chen et al., 2001; Gao et al., 2002; Chen et al., 2003; Wu et al., 2003 Wu et al., , 2006 Zhang et al., 2003 Zhang et al., , 2007 Rudnick et al., 2004; Xu and Bodinier, 2004; Reisberg et al., 2005; Ying et al., 2006; Yu et al., 2006; Choi et al., 2008; Tang et al., 2008 Tang et al., , 2011 Tang et al., , 2013 Chu et al., 2009; Yu et al., 2009 Yu et al., , 2010 ; J. G. Liu et al., 2010 Xiao et al., 2010; Zhao and Fan, 2011; Hong et al., 2012; Zhang et al., 2012; Lu et al., 2013; HETEROGENEOUS WATER CONTENT IN MANTLE 517 south to north: the South China Block (SCB), North China Craton (NCC), and Northeast China (NEC, also named as Xing-Meng orogenic belt), with the Qinling-Dabie-Sulu orogenic belt between the NCC and the SCB (Figure 1 ). The water distribution in the Cenozoic lithospheric mantle beneath the SCB and the NCC has been well studied from peridotite xenoliths entrained in alkali basalts [Yang et al., 2008; Bonadiman et al., 2009; Xia et al., 2010 Xia et al., , 2013a Yu et al., 2011; Hao et al., 2012 Hao et al., , 2014 . However, research on the water distribution of the NEC Cenozoic lithospheric mantle is lacking. Figure 1 . The distribution of the Cenozoic basalts in Eastern China and xenolith localities. NSGL: north-south gravity lineament. Two dashed lines outline the Trans-North China Orogen, which separates the western and eastern blocks of the NCC [Zhao et al., 2001] .
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In this paper, we measure the H 2 O content of minerals in the peridotite xenoliths hosted by the Cenozoic basalts of five volcanoes (Nuomin, Jiaohe, Yitong, Wangqing, and Shuangliao) in the NEC. Using these data and those previously reported for the SCB and the NCC, we attempt to establish a framework for water contents of the Cenozoic lithospheric mantle of the whole Eastern China and to then examine its evolution. Using major and trace element data, we try to reveal the responsible processes for the heterogeneous distribution of water in the mantle.
Geological Background
The NEC is a composite fold belt that formed by amalgamation of several minor blocks during a long period of subduction and collision between the Siberian craton to the north and the NCC to the south [Sengör et al., 1993] , with the final suturing completed in the Jurassic [Zhao et al., 1990] . Hundreds of volcanoes have erupted basalts and exposed in the Songliao graben and on its flanks, and along the Yilan-Yitong and Fushun-Mishan faults. Cenozoic volcanism in NEC was dominated by alkali basalts with subordinate tholeiites and formed famous volcanic cluster such as the Changbaishan, Longgang, Jingpohu, and Wudalianchi. These alkali basalts usually bring xenoliths of various types (lherzolite, harzburgite, wehrlite, etc.) and provide an opportunity to study the characteristics of the Cenozoic lithospheric mantle beneath Eastern China.
The NCC and the SCB are separated by the Qinling-Dabie-Sulu orogen. The Qinling-Dabie orogen is widely accepted to have resulted from the collision of the NCC and the Yangtze Craton (the north part of the SCB) during the Triassic period [Li et al., 1993] . The petrological and structural similarities between the Dabie and Sulu UHP belts imply that the collision zone extended to the Sulu orogeny belt. Two large-scale geophysical and geological linear zones crosscut the NCC, referred to as the north-south gravity lineament (NSGL) in the west and the Tan-Lu Fault in the east (Figure 1 ). The NS trending NSGL subdivides the NCC into two topographically and tectonically distinct regions, probably related to the diachronous lithospheric thinning of the craton [Xu, 2007] . The eastern part of the NCC experienced widespread lithospheric thinning from a thick, cold, and highly refractory lithospheric mantle in the mid-Ordovician to a hot, thin, and fertile lithospheric mantle after the late Mesozoic [Zheng et al., 2001; Gao et al., 2004; Menzies et al., 2007; Xu, 2007] . In contrast, in the western part of NCC, lithospheric removal may have been relatively limited, which is supported by the contrast in thickness of crust and lithospheric mantle, heat flow, topographic height, and gravity anomaly between the two parts Menzies and Xu, 1998; Xu, 2007] . The range of the water contents of the Cenozoic lithospheric mantle beneath these two parts is similar. Generally, it is much lower than the water content of the mid-ocean ridge basalt (MORB) source (50-250 ppm) [Xia et al., 2010 [Xia et al., , 2013a Hao et al., 2012] .
The SCB can be divided into the Yangtze Craton in the northwest and the Cathaysia block in the southeast by the Jiangshan-Shaoxing and Pingxiang-Yushan fault zones (Figure 1 ) [Zhao and Cawood, 1999] . The Cenozoic basalts are spread along fault zones and concentrated at the southeast coast in the Cathaysia block, but rare in Yangtze craton. Xenoliths hosted by the Cenozoic basalts show that the Cathaysia Cenozoic lithospheric mantle might be composed by a newly accreted lithospheric mantle that replaced the Proterozoic lithosphere through extension, thermal erosion, and melt metasomatism [Xu et al., 2000; Zheng et al., 2004; C. Z. Liu et al., 2012] . Yu et al. [2010] reported water contents of the SCB peridotites and suggested that the Cenozoic lithospheric mantle have formed by refertilization of an old lithospheric mantle that has undergone multiple geological events. In combination with trace element data, Hao et al. [2014] proposed that the partial melting process is the main factor controlling the variation in the H 2 O contents in Cenozoic SCB lithospheric mantle. Compared to the NCC, the SCB peridotites have higher water content, close to the MORB source [Yu et al., 2010; Hao et al., 2014] .
Samples and Analytical Methods
NEC Samples
In this study, peridotite xenoliths hosted by the Cenozoic basalts from five volcano fields (Nuomin, Jiaohe, Yitong, Wangqing, and Shuangliao) of the NEC were collected. Except for a few garnet peridotite xenoliths from Nuomin, all other samples are spinel-facies peridotites. All of these xenoliths, lherzolitic to harzburgitic in composition, are relatively fresh and well preserved, with sizes ranging from 3 to 10 cm, except one Table S1 in the supporting information.
Nuomin
Nuomin is located at the boundary between the Great Xing'an range and the Songliao graben in the eastern part of the Central Asia Organic Belt (Figure 1 ). In this area, 24 volcanos erupted at approximately 2.3-0.13 Ma and subdivided into four periods: early Pleistocene, middle Pleistocene, late Pleistocene, and Holocene (K-Ar age ). Among the 13 samples collected from Nuomin, 5 samples bear garnet (5%-15% modal percentage).The other eight spinel-facies peridotites are harzburgites (cpx modal <5%).The xenoliths are coarse grained and mostly protogranular or porphyroclastic. Olivine and opx are large (4-7 mm), while cpx and spinel are smaller (1-3 mm). No hydrous minerals have been found.
Jiaohe
The Jiaohe volcanic field is in Jilin Province and located near the northern part of the Tan-Lu fault zone (Figure 1 ). An abundance of fresh peridotite xenoliths are hosted in alkali basalts erupted in the Miocene (K-Ar age, 2-24 Ma [Wang, 1996] , and the olivine grains in some xenoliths have gem quality and make Jiaohe one of the most important olivine mining areas in China. The peridotite xenoliths are usually 10 cm in diameter, but one sample reaches 35 cm. The peridotite xenoliths are spinel-facies lherzolites, with few harzburgites.
Yitong
The Yitong volcanic field contains eight volcanos: Xiaogushan, Dagushan, Jianshan, Xijianshan, Dongjianshan, Moliqingshan, Maanshan, and Hengtoushan ("shan" mean hill or mountain in Chinese). Lherzolites, pyroxenites, and glass-bearing wehrlites occur in these Cenozoic alkali basalts [Xu et al., 1996b] . The peridotite xenoliths of our collection were found in Maanshan and Moliqingshan. The three samples collected for this study are spinelfacies lherzolites, with cpx modal contents ranging between 7% and 9%.
Wangqing
The Wangqing volcanic field (K-Ar age, 6.3-2.1 Ma [Liu et al., 1992] in Jilin province covers an area of approximately 2-3 km 2 . The basaltic volcanism in this region was thought to be associated with the activation and development of the north part of the Tan-Lu fault and the Fushun-Mishan fault [Liu et al., 1992] or related to the subduction of the Pacific plate [Tian et al., 1992] . The most common texture of peridotite xenoliths from Wangqing is protogranular, with coarse grains size of 3-4 mm occasionally up to 1 cm for olivine and opx. Olivine and opx grains exhibit curvilinear grain boundaries. Spinels have holly-leaf texture and are always in contact with pyroxene. 3.1.5. Shuangliao The Shuangliao volcanic field is located along the southeastern edge of the Songliao basin and consists of eight volcanoes: Bobotushan, Naobaoshan, Bolishan, Dahalabashan, Xiaohalabashan, Datuerjishan, Xiaotuerjishan, and Shitoushan. The ages of the eruptive dolerites, alkaline olivine basalts, and basanites range from 86 to 40 Ma (K-Ar age [Yu, 1987] ) and they carry abundant mantle xenoliths of spinel lherzolites and harzburgites [e.g., Yu et al., 2009] . We collected xenoliths of 5-10 cm in diameter from Bobotushan and Bolishan. The peridotite xenoliths are all lherzolites with cpx modal content ranging from 10% to 14%.
NCC Samples for Trace Elements Analysis
The peridotite xenoliths hosted by the Cenozoic basalts from eight volcanoes (Hannuoba, Beishan, Fanshi, Changle, Qixia, Penglai, Hebi, and Nushan) of the NCC were analyzed for trace elements concentrations of cpx. The detailed petrographic description, major elements, and H 2 O contents of these samples are available in our previous studies [Yang et al., 2008; Xia et al., 2010 Xia et al., , 2013a . All of these xenoliths are spinel-facies peridotites hosted in the Cenozoic basalts. No hydrous minerals or glass patches have been found in these peridotites except that a few xenoliths from Nushan contained amphiboles. The cpx contents for these NCC peridotites can be up to 18% (cpx-rich lherzolite from Beishan), although some cpx-free harzburgite were also found (refractory harzburgites from Hebi).
Analytical Methods
Electron Microprobe Analysis
The mineral compositions were measured using a Shimadzu Electron Probe Micro-analyzer (Electron Microprobe Analysis (EMPA) 1600) at the Chinese Academy of Sciences Key Laboratory of Crust-Mantle Materials and Environments at the University of Science and Technology of China (CMME-USTC). The Journal of Geophysical Research: Solid Earth 10.1002/2015JB012105 operating conditions were set at 15 kV accelerating voltage, 20 nA beam current, and 1 μm beam diameter. The standards are natural minerals and synthetic oxides, and ZAF corrections were applied [Armstrong, 1989] . The measurements were made in the core of each mineral grain; three to four grains of each mineral were analyzed in each sample. The uncertainty for all elements was below 5%, except for Na, for which the uncertainty may be as high as 10%.
Laser Ablation Inductively Coupled Plasma-Mass Spectrometry
The trace element compositions of cpx were acquired at CMME-USTC. Fresh and clear cpx grains were selected and mounted in epoxy pellets and polished. The mineral grains were ablated in situ with the Coherent GeoLas pro ArF excimer laser system, under condition of a beam wavelength of 193 nm at 10 Hz and 10 J/cm 2 energy per pulse. The ablation craters were 60 μm in diameter, and the sample aerosol was carried to the inductively coupled plasma-mass spectrometry (ICP-MS) by high purity helium with a flow rate of 0.3 L/min. A typical analysis consisted of 80-100 replicates. A Perkin Elmer DRCII ICP-MS was used to analyze the aerosol samples, with the RF power set at 1350 W and a nebulized gas flow rate of 0.7 L/min. LaTEcalc software was used to evaluate the results of the sample analyses. NIST 610 silicate glass was used to calibrate the signal intensities (counts per parts per million) for each element, and the Ca content of the cpx analyzed by EMPA was used as an internal standard. Typical analytical precisions ranged from 2% to 5%. Five to seven cpx grains were analyzed for each sample.
Fourier Transform Infrared Spectrometry
Fourier transform infrared (FTIR) analyses of minerals were performed at CMME-USTC. Double-polished thin sections with 0.1 to 0.3 mm in thickness were prepared. Unpolarized spectra were obtained from 1000 to 4500 cm À1 on a Nicolet 5700 FTIR spectrometer coupled with a Continuum microscope, using a KBr beam splitter and a liquid nitrogen-cooled MCT-A detector. For each spectrum, 256 scans with 4 cm À1 resolution were acquired for cpx, opx, olivine, and garnet. The aperture size was adjusted from 50 × 50 to 100 × 100 μm, depending on the size and quality of the analyzed mineral grains. Optically clean, inclusion-and crack-free areas were selected for measurements under a continuous dry air flush. Two augites from Nushan (Eastern China) were used as in-lab standards to detect potential instrument drift during analysis. During the analyses of the NEC peridotites, the maximum variation for the two augites was <4% for both peak height and the integrated area within the OH absorption area.
The H 2 O contents of minerals were calculated by a modified form of the Beer-Lambert law:
where c is the content of hydrogen species (ppm H 2 O wt %), A is the integrated area (cm À2 ) of absorption bands in the measured region, I is the integral specific absorption coefficient (ppm À1 cm À2 ), and t is thickness with normalization to 1 cm. Baseline corrections were carried out with a linear fit method. The OH absorption bands were integrated between 3000 and 3800 cm À1 for cpx and between 2800 and 3800 cm À1 for opx and multiplied by 3 to obtain the A values [Kovács et al., 2008] . The integral specific coefficients of 7.09 ppm À1 cm À2 and 14.84 ppm À1 cm À2 [Bell et al., 1995] were used for cpx and opx to calculate the H 2 O contents, respectively. The thickness was determined as an average of 30-40 measurements measured by a digital micrometer covering the whole section. To minimize the possible uncertainties from the unpolarized measurements of these optically anisotropic minerals, more than 10 different grains (usually 15-20 grains) of each mineral in the same sample were analyzed, and the average value was used to calculate the H 2 O contents [Kovács et al., 2008] . The linear absorbance is less than 0.2 for all measured spectrum, making the average of >10 unpolarized measurements a reasonable estimate of the true value of the sample with an error within 10% [Kovács et al., 2008] . Uncertainties in the calculated H 2 O contents were caused by (1) the use of an unpolarized infrared beams on unoriented minerals (<10%), (2) the baseline correction (<5%), (3) uncertainty in the sample thickness determination (<3%), and (4) differences between the absorption coefficients (<10%) of the studied samples and those of the samples used by Bell et al. [1995] due to variation in composition. The total uncertainty is then estimated to be less than 20%.
Withers [2013] gave a new procedure to treat with unpolarized measurements for unoriented anisotropic minerals different from that of Kovács et al. [2008] ; however, the uses of either Kovács' or Withers' method give similar results within the declared errors for the spectra of our samples. In addition, recent studies
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Results
Mineral Chemistry and Thermometry
The EMP analyses demonstrate the chemical homogeneity of the NEC samples, with no variations observed within a grain or among grains of the same sample. The average values for olivines, cpx, opx, spinels, and garnets are reported in Table S2 . Our results are similar to the previously reported data for these localities [Xu et al., 1996b Zhang et al., 2000; Chen et al., 2003; Fan et al., 2008; Sui et al., 2012; Zhang et al., 2012] . Nuomin is the only site that has garnet-bearing peridotite in our collection. Nuomin is located at the north part of the NEC (NNEC) and has a distinct geochemical composition and H 2 O content, as described below. We therefore assigned Nuomin to represent NNEC in order to distinguish it from the other sites from the south part of the NEC (SNEC, including Jiaohe, Yitong, Wangqing, and Shuangliao). The magnesium number (Mg #) (Mg # = 100 × Mg/ (Mg + Fe), mol %) of olivine ranges from 89.74 to 91.66
Figure 2. REE and trace elements for cpx in the peridotite xenoliths from the NEC. REE are normalized to C1 chondrite values [Sun and McDonough, 1989] and trace elements are normalized to primitive mantle values [McDonough and Sun, 1995] . Pressure and temperature were estimated using the geobarometer of and opx-cpx geothermometer of for the garnet-facies peridotites of Nuomin. The combined calculation shows that the garnet-facies peridotites of Nuomin have pressures ranging from 20 to 22 kbar and equilibrium temperatures ranging from 1088 to 1137°C (Table S1 ).The pressure and temperature are roughly positively correlated. Equilibrium temperatures for other Nuomin and SNEC spinel-facies peridotites were estimated using Ca-in-opx and opx-cpx geothermometers , assuming a pressure of 15 kbar. The spinel-facies peridotites from Nuomin have equilibrium temperatures ranging from 993 to 1041°C, somewhat lower than the garnet-facies peridotites on average. The spinel-facies peridotites from the SNEC have opx-cpx equilibrium temperatures ranging from 804 to 1091°C. Most samples (15 of 19 samples) that have equilibrium temperatures estimated by these two methods have discrepancy less than 60°C, indicating that the equilibrium thermal state has been achieved. It is worth noting that the peridotite xenoliths (both garnet and spinel facies) from the NNEC (i.e., Nuomin) have higher equilibrium temperatures than the SNEC in general (Table S1 ).
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Trace Elements of cpx
The majority of the highly incompatible trace elements in the anhydrous spinel lherzolites are hosted by their cpx. Multiple grain analyses show that the trace element concentrations of cpx from the NEC and the NCC peridotite xenoliths are homogenous within the same sample, and the average values are reported in Table S3 . Figures 2 and 3 show the rare earth element (REE) contents normalized to C1 chondrite [Sun and McDonough, 1989] and the trace element concentrations normalized to primitive mantle [McDonough and Sun, 1995] for the NEC and the NCC samples, respectively.
Samples From NEC
The cpx in the garnet-facies peridotite of Nuomin shows convex patterns of REE, with high fractionation of heavy REE (HREE), peaking at Nd. The Yb n ("n" indicates chondrite normalization) and the La n of cpx range from 0.59 to 1.29 and from 3.38 to 7.05, respectively, and (Sm/Lu) n varies from 11.03 to 20.91. They are characterized by strong to weak positive Nb, Ta, Zr, and Hf anomalies and weak negative Ti anomaly. Two spinel-facies peridotite (09NMB37 and 09NMB49) show a similar pattern as the garnet-facies peridotite, with relatively higher HREE content (Yb n = 2.82 and 1.65). Spinel-facies peridotite 09NMB41 show an almost flat REE pattern with Yb n = 4.35 and La n = 2.83, together with weak Ta, Hf and strong Ti negative anomalies (Figures 2a and 2b) .
The trace elements of the SNEC cpx display various patterns, with Yb n ranging from 3.29 to 11.88 and (La/Yb) n ranging from 0.11 to 12.28. The depleted REE pattern is characterized by a decreasing depletion from La to Gd for LREE and an almost flat HREE. The Yb n content is approximately 10 with (La/Yb) n < 1. The samples with depleted REE patterns of cpx are from Shuangliao, Jiaohe, and Wangqing. The rest of the samples exhibit enrichment of light REE (LREE), Th, U and Sr. (La/Yb) n ranges from 1 to 12.28, and Th, U, and Sr can be up to 10, 8, and 16 times the primitive mantle values. The strongly LREE enriched samples (such as BBT1-5 and BBT2-4 from Shuangliao, YT25 and YT26 from Yitong, and DSH17 from Jiaohe) also show high depletion in HREE (Figures 2c-2h (Figure 3 ).
Hydrogen Speciation and H 2 O Contents
All of the analyzed cpx and opx grains in the SNEC peridotite xenoliths present several absorption bands in the OH-stretching vibration region between 2800 and 3800 cm
À1
. In contrast, most of the coexisting olivines have no detectable OH peak, with few grains displaying very weak OH bands. Representative infrared spectra for olivine, opx, and cpx are shown in Figures 4a-4c , and 3470-3445 cm À1 for cpx. The positions of these absorption bands result from the vibration of the structural OH and are similar to those reported in literatures [Skogby and Rossman, 1989; Skogby et al., 1990; Bell and Rossman, 1992; Ingrin and Skogby, 2000; Peslier et al., 2002 Peslier et al., , 2012 Grant et al., 2007; Xia et al., 2010; Sundvall and Stalder, 2011; Warren and Hauri, 2014] . The relative intensities of these bands vary among grains in a sample due to the different orientation of grains with respect to the IR beam direction. Profile analyses were performed on some larger pyroxene grains and revealed no obvious variations in absorbance areas among the core, mantle, and rim regions.
The H 2 O contents of the SNEC peridotites varied from 34 ppm to 462 ppm for cpx, and from 13 ppm to 155 ppm for opx (Table S1) In spinel-and garnet-facies peridotites from Nuomin, none of the analyzed olivine, garnet, opx, and cpx grains had detectable OH peaks (Figure 4) . Thus, the Nuomin samples are almost dry.
6. Discussion
Preservation of the Initial Water Content in the Mantle Source
The IR spectra of the majority of the SNEC olivine grains showed no obvious OH absorption bands (Figure 4a) , probably due to H loss during ascent. When peridotite xenoliths are brought to the surface by their host Figure 4 . Representative IR spectra of (a) olivine, (b) opx, and (c) cpx in the NEC peridotites. All spectra are normalized to 1 cm thickness without baseline correction and offset for clarity.
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magmas, the dramatic changes in pressure may decrease the solubility of hydrogen in nominally anhydrous minerals and hydrogen can potentially diffuse out of the mineral lattice [Keppler and BolfanCasanova, 2006; Mierdel et al., 2007] . Hydrogen loss is typically evidenced by diffusion profiles of water contents; i.e., water contents decrease from core to rim, while other major and minor element contents appear homogeneous in single grains Demouchy et al., 2006; Peslier and Luhr, 2006; Peslier et al., 2008] . In most of the SNEC olivines, both the rim and core have H 2 O contents lower than the detection limit of the instrument (<1 ppm), suggesting that the initial water has completely diffused out during ascent.
On the other hand, the analyses of natural samples suggest that pyroxenes in peridotites can mainly preserve their initial H 2 O contents in the mantle source [Bell and Rossman, 1992; Peslier et al., 2002; Grant et al., 2007; Gose et al., 2009; Sundvall and Stalder, 2011; Kovács et al., 2012; Xia et al., 2013a; Warren and Hauri, 2014; Demouchy et al., 2015] . Similar to pyroxenes in worldwide peridotites, no zonation in H 2 O contents has been observed in the SNEC pyroxene grains. The SNEC pyroxenes therefore appear to have mainly preserved the initial H 2 O contents of the mantle source. This is also supported by the positive correlation between the H 2 O contents of cpx and opx ( Figure 5 ). The partition coefficient of H 2 O between cpx and opx for SNEC peridotites is~2 ( Figure 5 ), and in agreement with those of the NCC and SCB peridotites [Yang et al., 2008; Bonadiman et al., 2009; Xia et al., 2010 Xia et al., , 2013a Yu et al., 2011; Hao et al., 2012 Hao et al., , 2014 and is also in the range of 2.6 ± 0.9 of natural peridotite xenoliths worldwide [Bell and Rossman, 1992; Peslier et al., 2002 Peslier et al., , 2012 Falus et al., 2008; Grant et al., 2007; Li et al., 2008; Sundvall and Stalder, 2011; Warren and Hauri, 2014] .
Neither spinel-facies nor garnet facies-peridotites from Nuomin had a trace of H 2 O in their olivine, garnet, and pyroxene grains. Although olivines can be explained by thorough hydrogen loss during the xenoliths' ascent to the surface, the "dry" cpx and opx point to a dry mantle source because they can preserve the initial mantle water content as discussed above. In addition, one pyroxenite xenolith coexisted with the Nuomin peridotites has 89 and 27 ppm H 2 O in cpx and opx. These pyroxenes exhibit homogeneous H 2 O contents within individual grains, so they also argue against hydrogen loss of cpx and opx in the Nuomin peridotites.
Regional Distribution
We combined the new water content data from peridotite xenoliths from NEC with those from 13 localities of the NCC (Hannuoba, Yangyuan, Beishan, Fanshi, Changle, Qixia, Penglai, Hebi, Beiyan, Panshishan, Lianshan, Fangshan, and Nushan [ Figure 1 , Yang et al., 2008; Bonadiman et al., 2009; Xia et al., 2010 Xia et al., , 2013a Yu et al., 2011; Hao et al., 2012 Hao et al., , 2014 ) and 5 localities of the SCB (Mingxi, Anyuan, Qilin, Niutoushan, and Jiande [ Figure 1 , Yu et al., 2011; Hao et al., 2014] ), in order to reveal the regional distribution of the water content in the Cenozoic lithospheric mantle beneath the whole Eastern China. [Bonadiman et al., 2009; Hao et al., 2012; Xia et al., 2010 Xia et al., , 2013a Yang et al., 2008] ; data of the SCB are from Mingxi, Qilin, Anyuan, Niutoushan, and Jiande [Hao et al., 2014; Yu et al., 2011] . Cross bars represent the analytical uncertainties.
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6.2.1. NNEC In Nuomin, both garnet-facies and spinel-facies peridotite xenoliths are totally dry; i.e., no OH IR bands formed for any mineral. The occurrences of garnets in some Nuomin samples may indicate that the xenoliths originated from greater depths than spinel-facies xenoliths from other localities of SNEC, NCC, and SCB. Both garnet-and spinel-facies peridotite xenoliths from Kaapvaal craton (pressure range 25-46 kbar) have a certain amount of H 2 O content in olivine and pyroxenes [Peslier et al., , 2010 [Peslier et al., , 2012 , which does not support the idea that the absence of H 2 O in the Nuomin xenoliths is due to their deeper origin. Peridotite xenoliths from Nuomin indeed indicate a dry lithospheric mantle beneath NNEC.
SNEC and NCC
The water distribution of SNEC and NCC shows a similar feature (Figure 6 ). [Dixon et al., 1988 Michael, 1988; Sobolev and Chaussidon, 1996; Saal et al., 2002; Simons et al., 2002; Asimow et al., 2004] The SNEC and NCC peridotite xenoliths have relative lower water contents than either of the cratonic peridotites represented by South Africa and Colorado Plateau samples [Bell and Rossman, 1992; Grant et al., 2007; Li et al., 2008; Peslier et al., 2010 Peslier et al., , 2012 Baptiste et al., 2012] or of off-cratonic peridotites worldwide [Bell and Rossman, 1992; Peslier et al., 2002; Demouchy et al., 2006; Grant et al., 2007; Falus et al., 2008; Li et al., 2008; Bonadiman et al., 2009; Sundvall and Stalder, 2011; Warren and Hauri, 2014] . The H 2 O contents of the SNEC and NCC peridotites are also lower than those of the oceanic mantle represented by abyssal peridotites [Gose et al., 2009; Peslier et al., 2010; Schmadicke et al., 2011; Warren and Hauri, 2014] and by the sources of MORB (50-200 ppm [Dixon et al., 1988 Michael, 1988; Sobolev and Chaussidon, 1996; Saal et al., 2002; Simons et al., 2002; Asimow et al., 2004] ) and OIB (300-1000 ppm [Dixon et al., 1997; Nichols et al., 2002; Simons et al., 2002; Wallace et al., 2002; Seaman et al., 2004; Workman et al., 2006] ). In summary, the Cenozoic lithospheric mantle of SNEC and NCC is characterized by low water content.
SCB
The water contents of cpx in peridotite xenoliths from SCB ranges from 58 to 631 ppm, with an average value of 369 ± 149 ppm (49 of 59 samples have more than 200 ppm), and the water contents of opx in peridotite xenoliths from SCB range between 38 and 329 ppm, with an average value of 117 ± 79 ppm (55 of 62 samples are more than 80 ppm). The whole-rock H 2 O content of peridotite xenoliths from SCB ranges between 12 and 195 ppm, with an average value of 90 ± 45 ppm. Clearly, the peridotite xenoliths from SCB have much higher H 2 O contents than other regions of Eastern China, and most samples (54 of 64) have bulk H 2 O contents more than 50 ppm, falling in the range of the MORB source ( Figure 6 ).
The Causes of Heterogeneity of Water Distribution
If the Cenozoic lithospheric mantle of the whole Eastern China had the same initial water content, differences in the degrees of subsequent partial melting, mantle metasomatism, and redox state would be responsible for the observed regional heterogeneity.
H 2 O behaves as a strongly incompatible element during partial melting of a mantle source Hirschmann et al., 2009; Tenner et al., 2009; Kovács et al., 2012; Novella et al., 2014; Sakurai et al., 2014] , peridotite residues with different degrees of partial melting of a common source may achieve variable H 2 O contents, and samples with higher degrees of melting are expected to be more depleted in H 2 O. The Mg # of olivine and Cr # of spinel are robust indexes to reflect the melt extraction degrees for the peridotite xenoliths. In addition, HREE in cpx is relatively immobile during mantle metasomatism; therefore, Yb contents of cpx are also considered to be reliable indicators of degree of partial melting in spinel stability field [Johnson et al., 1990; Norman, 1998; Hellebrand et al., 2002] . As shown in Figure 7 , no correlations between H 2 O contents of cpx/whole rocks and Mg # values of olivines, Cr # of spinel, or Yb contents of cpx have been observed for the peridotite xenoliths of Eastern China. Although NNEC and SCB samples have much lower and higher H 2 O contents than NCC samples, respectively, they display a similar range of Mg values of olivines, Cr # of spinel, and Yb contents of cpx. Therefore, the large variations in H 2 O contents among different regions of Eastern China cannot be ascribed to variable degrees of partial melting.
The study of peridotite xenoliths from Kaapvaal Craton [Peslier et al., 2012] suggested that metasomatic event (s) by oxidizing melts controlled variations in H 2 O contents. As shown above, some samples from Eastern China are enriched in LREEs and LILEs recorded in cpx (Figures 2 and 3) , indicating that these peridotite xenoliths have been affected by metasomatic event(s). Major elements (e.g., Ti, Fe, Al, Na, and K) in cpx are also sensitive to metasomatism when the refertilization has involved the addition of basaltic components. The modal composition of cpx and opx decreased with peridotite melting, but "steal metasomatism" [O'Reilly and Griffin, 2010] Given the negative correlation between water content of pyroxenes and oxygen fugacity for Mexican and Simcoe (Washington) spinel peridotite xenoliths, Peslier et al. [2002] suggested that pyroxene water contents are mainly controlled by the redox state of the peridotites. As the oxygen fugacity calculation is largely controlled by the Fe 3+ /ΣFe ratio of spinel, we use Fe 3+ /ΣFe ratio based on chemical stoichiometry as an index of the redox state of our peridotite xenoliths. No correlation between H 2 O contents of cpx or whole-rock and spinel Fe 3+ /ΣFe ratios can be observed (Figure 9 ). Therefore, the redox state cannot be the major factor responsible for the heterogeneity of water distribution of Eastern China.
Overall, the regional variations in H 2 O contents of Cenozoic lithospheric mantle of Eastern China cannot be caused by partial melting, mantle metasomatism, or the redox state. We propose that the lithospheric mantle ; cpx and opx in the coexisted pyroxenite xenolith have 89 and 27 ppm H 2 O (Table S1 ), whereas both cpx and opx in the NNEC peridotites are totally dry. It is highly unlikely that hydrogen diffusing out of the minerals, which caused by the host basalts, only occurred in the peridotite xenoliths but not in coexisted cpx phenocrysts and pyroxenite minerals. Therefore, the hydrogen diffusion during the xenolith accent does not seem to play a significant role for the dry NNEC lithospheric mantle.
As shown in Figure 9 , the spinels in the NNEC xenoliths display the highest Fe 3+ /ΣFe ratios, pointing to a relatively higher oxygen fugacity. Peslier et al. [2002] reported the peridotite xenoliths from Simcoe (USA) with a similar range of spinel Fe 3+ /ΣFe values with the NNEC and ascribed the relatively lower water content compared to the Mexico xenoliths to the oxidized condition, but these samples still contained more than 140 ppm H 2 O in cpx and at least 35 ppm H 2 O in whole rock. Moreover, some samples from the NCC and SCB have the same range of spinel Fe 3+ /ΣFe values with that of the NNEC, they also contained a certain amount of H 2 O (Figure 9 ). Therefore, albeit the NNEC xenoliths display the high spinel Fe 3+ /ΣFe ratios, it is unlikely that the oxidized condition was the main reason for the dry NNEC lithospheric mantle. Kuzmin et al. [2010] reviewed intraplate magmatism in Siberia and its folded surroundings from 480 Ma to the present. Based on the paleomagnetic data, and combining the paleogeographic coordinates of hot spots (special Iceland spot) with the features of these intraplate magmatism in Siberia, they proposed a set of paleogeographic reconstructions of the Siberian continent and suggested that the Siberia continent had moved over the African large low shear velocity province believed to be a super plume in the Riphean (Paleoasian) ocean since the Late Precambrian. Nuomin is located at northwest of the NEC and close to the southeast margin of the Siberia continent, and it is worth noting that the Nuomin peridotite xenoliths recorded higher equilibrium temperature than the SNEC peridotites (1022°C versus 917°C on average; Table  S1 ). The higher temperature recorded in the Nuomin peridotites is in accord with a possible interaction with hot mantle flow, although may be not the peak values when the block moved over the "super plume," but rather a re-equilibrated and "cooled" result. In addition, compared with the SNEC, NCC, and SCB, the Nuomin peridotites have statistically higher Mg # of olivines and 87 Sr/ 86 Sr ratios and lower 143 Nd/ 144 Nd ratios (Figure 10 ), reflecting typical ancient mantle characteristics. Therefore, it is more likely that the NNEC lithospheric mantle was from the Siberian continent and had interacted with a mantle plume that caused hydrogen to diffuse out of the minerals. However, several recent studies have shown that in plume and island arc (i. e., hot) lithospheric mantles the minerals could keep substantial amount of H 2 O in their cores, arguing that high temperature may not be enough alone to drive "water" absolutely out of minerals [Bizimis and Peslier, 2015; Tollan et al., 2015] . More samples and data from other localities are therefore needed to clarify the completely dry nature of lithospheric mantle in the future. 6.4.2. Low Water Content in SNEC and NCC Unlike archetypical cratons (e.g., the Kaapvaal craton), the NCC (at least its eastern part) had undergone a significant lithospheric thinning event (also called NCC destruction), which peaked in the early Cretaceous and ceased at the end of Mesozoic [Menzies et al., 2007] . At the peak time of the NCC destruction, the lithospheric Qi et al. [1995] , Xu et al. [1996a Xu et al. [ , 1996b Xu et al. [ , 1998 Xu et al. [ , 1999 Xu et al. [ , 2001 Xu et al. [ , 2002 , , Zheng et al. [1998 Zheng et al. [ , 2001 Zheng et al. [ , 2004 Zheng et al. [ , 2005a Zheng et al. [ , 2005b Zheng et al. [ , 2006 Zheng et al. [ , 2007 mantle was hydrous (>1000 ppm [Xia et al., 2013b] ). In the Cenozoic the water content of the majority of the lithospheric mantle was extremely low (<50 ppm [Xia et al., 2010 [Xia et al., , 2013a Hao et al., 2012] ). During the period of destruction, the lithospheric mantle had intermediate water content [Li et al., 2015] . Such temporal variation suggests that the decrease of H 2 O content in the NCC lithospheric mantle since early Cretaceousis most likely through the continuous reheating and partial melting episodes of the lithosphere from below by the upwelling asthenospheric flow that occurred during the lithospheric thinning [Xia et al., 2010 [Xia et al., , 2013b Li et al., 2015] . If so, most of the Cenozoic lithospheric mantle of the NCC should be considered as relict ancient mantle. The few localities (e.g., Yangyuan, Changle, and Nushan) with higher water content (peridotite whole rock H 2 O contents range between 50 ppm and 262 ppm [Xia et al., 2010 [Xia et al., , 2013a Hao et al., 2012] ) have deep structures facilitating the upwelling of the asthenosphere: Yangyuan area has a weak zone in the lithospheric mantle revealed by geophysical data [Zhao and Xue, 2010] ; Changle and Nushan are close to the Tanlu fault (Figure 1) . Xenoliths of these localities may actually represent newly accreted and cooled asthenospheric materials accompanied with the NCC destruction [Xia et al., 2010 [Xia et al., , 2013a Hao et al., 2012; Li et al., 2015] .
Considering (1) the similarity of water distribution between the SNEC and NCC peridotites and (2) that the amalgamation of the SNEC and NCC had been completed before Mesozoic [Wang et al., 2013] , we propose that the SNEC and NCC could have experienced the same lithospheric thinning event, which resulted in the low water content of the majority of Cenozoic lithospheric mantle. Similar to the NCC, the peridotites with higher water content in SNEC are from Yitong near the Tanlu fault. 6.4.3. High Water Content in SCB When combined with the data for peridotites hosted by the Cenozoic basalts in Jiande and other localities of the SCB from Yu et al. [2010] , Hao et al. [2014] observed that the whole-rock H 2 O contents of the SCB peridotite xenoliths show negative correlations with the melting index (such as Yb content in cpx and Cr # in spinel). The lack of coherent variation between the H 2 O contents of the whole rocks and the metasomatic index (La/ Yb ratio in cpx) indicated that subsequent mantle metasomatism did not modify the initial H 2 O contents. Therefore, Hao et al. [2014] conclude that the partial melting process is the main factor controlling the variation in the H 2 O contents in Cenozoic SCB lithospheric mantle. As described above, the SCB samples generally have H 2 O contents more than 50 ppm, falling in the range of MORB source. Considering (1) the similarities in major and trace elements and H 2 O contents in the SCB peridotites and those inferred for the MORB source, and (2) correlations between the whole H 2 O contents and the melting index, Hao et al. [2014] suggest that the Cenozoic SCB lithospheric mantle was accreted from the upwelled and cooled asthenosphere. The statistically lower Mg # of olivine and 87 Sr/ 86 Sr and higher 143 Nd/ 144 Nd ratios of the SCB peridotites compared to those of other regions (Figure 10 ) support the above suggestion. The contrasting H 2 O contents of Cenozoic lithospheric mantle between the SCB with the NCC and the SNEC imply that either the SCB did not undergo a similar lithospheric thinning event such as the NCC and the SNEC, or the thinning mechanism was different.
Conclusions
1. The water contents of peridotite xenoliths hosted by the Cenozoic alkali basalts from the NEC are reported. Samples from Nuomin in the NNEC have no trace of water, whereas the H 2 O contents of cpx, opx, and whole-rock samples from the SNEC range from 34 to 46 ppm, from 13 to 155 ppm, and from 7 to 116 ppm, respectively. 2. Combined with previously published data from the NCC and the SCB, the regional heterogeneity in the water content in the Cenozoic lithospheric mantle beneath the whole Eastern China has been revealed. The lithospheric mantle beneath the NNEC is completely dry. The water contents of lithospheric mantle of the SNEC and the NCC have similar ranges and average values and are generally lower than that of typical craton and off-craton mantles. The water contents of lithospheric mantle of the SCB are much higher, generally more than 50 ppm in bulk, and fall in the range of the MORB source (50-200 ppm). 3. The regional variation in H 2 O contents of the Cenozoic lithospheric mantle of Eastern China cannot be caused by partial melting, mantle metasomatism, or a redox state alone. We propose that the lithospheric mantle beneath different regions of Eastern China may have distinct origins and may have undergone distinct geodynamic processes. The NNEC lithospheric mantle was probably from the Siberia craton, which had interacted with the mantle plume to force hydrogen to diffuse out of the minerals. The relatively low water content of the NCC suggests that reheating of the lithosphere from below by an upwelling asthenospheric flow could have occurred during lithospheric thinning. water distribution of the SNEC and the NCC together with the geographic position of these two regions suggests that these two blocks may have undergone a lithospheric thinning event as a whole. The high water contents together with other geochemical feathers of the SCB suggest that its lithospheric mantle was mainly accreted from asthenosphere. Therefore, either the SCB did not undergo a lithospheric thinning event such as the NCC, or the thinning mechanism was different.
